Introduction
Proponents of curricular reform have developed numerous methods to incorporate pedagogical changes into the chemistry classroom though assessment techniques have remained relatively unchanged (Bowen and Phelps, 1997; Wright et al., 1998) . Modifying assessment practices is particularly important as it has been suggested that our assessment practices have a strong influence over how students direct their efforts in a class (Trigwell and Sleet, 1990; Scouller, 1998; Biggs, 2001) . It seems likely that the development of new assessment techniques have the potential to effect student motivations and ultimately improve student learning within a course. Such a new assessment would first have to be demonstrated to be a valid and reliable measure of students' chemistry knowledge. This article describes an investigation into several aspects of validity for an assessment technique that is designed to measure students' ability to form connections across the material within a course.
Creative exercises
The assessment investigated in this study is termed Creative Exercises (CE) and was originally proposed by Trigwell and Sleet (1990) . In a CE, students are given a brief prompt, for example '7.5 g of NaBr', and are asked to write down as many distinct, correct and relevant statements that pertain to the original prompt. Students receive credit for each statement that is correct, relevant to the material presented in the course and the original prompt, and distinct from the other statements for which they have received credit.
Students are not penalized for any incorrect statements, in order to spur creativity in their responses. The instructor (or panel of instructors) sets a maximum number of statements allowed for which students can receive points, and creates a rubric of likely student CE responses prior to grading. During grading, if there are responses that are not indicated on the rubric, they are decided on a case-by-case basis, and if credit is given the response is added to the rubric so that any similar response can also receive credit. As a result, CEs are considered open-ended assessments, as there is a large range of possible correct answers for students. A sample CE assignment, including a scoring rubric is available in Appendix A.
The goal of this study is to investigate the validity of CEs as a measure of chemistry knowledge in a first semester General Chemistry setting. Several aspects of validity are examined, including the relationship to a traditional assessment method and the consistency in scoring CEs. The investigation is designed to contrast the validity of two administrative methods for CEs: as homework assignments where students may consult additional resources, versus inclass assignments where students are timed and not permitted access to resources. This undertaking has the potential to support an instructor's use of CEs as an assessment technique, and may also offer a validated assessment technique to evaluate constructivist based learning reforms (Holme et al., 2010) .
Assessments in chemistry
Common traditional assessment techniques in chemistry include multiple choice questions and short answer questions that have a clearly defined answer. There are benefits to these forms of assessment. Because they are written, they may be administered to a large class in one sitting, they can be graded consistently across students and in a timely manner, and they can measure individual student performance, which is often necessary for grading decisions. One critique of multiple choice questions and short answer questions is that they are largely instructorcentered in that instructors determine which information is to be included on the test. This can be mitigated by soliciting information from students on the topics to include, but this relies on the quality of student feedback. In addition, multiple choice questions and short answer questions tend to measure information in discrete pieces, where each piece of information is modeled as independent of other information in the class.
In contrast, under the constructivist paradigm the learner actively incorporates new information within existing schemas or mental structures.
In the cognitive constructivist framework, students "construct knowledge by transforming, organizing, and reorganizing previous knowledge" (Santrock, 2008) . Constructivism has been successfully incorporated into science teaching and learning, and into chemistry knowledge acquisition in particular (Bernal, 2006; Cakir, 2008) . With CEs, students are assessed based on their ability to connect and incorporate new course information with information that was presented previously in the course. The act of students incorporating new course information with their own existing information maps onto the process of organization in Abraham's description of the constructivist theory of learning (2008) . As a result, the use of CEs in a classroom matches constructivist learning; as students approach new information they can make linkages to existing schemas and can subsequently use these connections to support their answers to the CEs.
CEs also allow students to choose which information to include in responses. For example, for the prompt '7.5 g of NaBr', students may choose to focus on mathematical statements including moles, molar mass, or mass percent. Conversely, students may choose to name the compound, categorize the compound as ionic, or indicate properties of ionic compounds. In this way, CEs are more open-ended than traditional assessments where there is only one or a small set of correct answers. CEs are also more studentcentered than traditional assessment, as CEs have the ability to value all the relevant information students can present, rather than assessing an instructor-defined objective as measured in a multiple choice question. To facilitate their implementation, CEs are similar to conventional assessments in that CEs are written, and can be administered to students individually, and scored in a timely manner.
As an alternative to conventional assessment techniques, CEs are most similar to concept maps as a technique that measures students' ability to form connections (Francisco et al., 2002) . In a concept map students are asked to map a sequence of propositions, where each proposition is two concepts connected by an arrow and a linking word. In many cases, one central concept can be involved in many propositions. As an assessment technique, many variants of concept maps are available in the literature (Stoddart et al., 2000) . For example, scoring procedures may emphasize the organization of concepts (Novak and Gowin, 1984) , interconnectedness of concepts (McClure et al., 1999) , or the validity of the propositions used (Francisco et al., 2002) . Students' organization of concepts has alternatively been referred to as their hierarchy of knowledge or structure of knowledge. For clarity purposes, the term organization will be used throughout this article to represent any type of overall structure of knowledge relationships, and hierarchy reserved for the description of a pyramid type relation of knowledge.
Scoring procedures that emphasize organizations are dependent on assumptions concerning how knowledge is organized, which can be hierarchical, associative, or cyclical (Safayeni et al., 2005; Derbentseva et al., 2007) . Additionally, the choice of how knowledge is organized may be domain or content specific, so that a hierarchical structure and grading scheme may be appropriate for some topics, while an associative scheme would be appropriate for others (Ruiz-Primo and Shavelson, 1996) . For example, a concept map on naming covalent versus ionic compounds may be viewed as a hierarchical organization, while the variables in a gas law may be viewed as a cyclical organization. This variety hinders the development of a uniform scoring process for concept maps, and may serve to hinder adoption of concept maps as a practical assessment technique.
Additionally, assessing the organization a student uses may also be problematic, as a variety of mental organizations may lead to a successful understanding of a chemistry topic, just as research has considered a variety of organizations to explain student understanding (Barenholz and Tamir, 1992; Markow and Lonning, 1998; Jones et al., 2000) .
In contrast, CEs provide credit for students to form relationships among content, but do not require students to describe the network of relationships. As a result, CEs have a relatively simple grading scheme that involves determining the number of correct, related concepts. In this sense, CEs reward students for forming connections regardless of the nature of the connection itself. CEs are similar to concept maps in that both seek to evaluate the number of correct propositions and amount of interconnectedness. In a CE, any correct statement that links related concepts (similar to propositions) or unrelated concepts (similar to interconnectedness) is valued. Therefore, both CEs and concept maps measure students' completion of the organization process of constructivism. CEs are distinct from concept maps by rewarding connections without requiring an assessment decision on the organization of knowledge (since many organizations may be plausible). Additionally, in our experience CEs do not require explicit student training as concept maps do (Regis and Albertazzi, 1996; Stoddart et al., 2000; Francisco et al., 2002) .
Other forms of open-ended assessment techniques in chemistry education have been developed and utilized, but not discussed to the extent of concept maps. Zoller has (Zoller et al., 1995) , an ability described as critical thinking. Teaching strategies designed to promote HOCS type understanding led to student improvement on a HOCS based assessment (Zoller, 1993) supporting the use of HOCS to measure critical thinking skills. Scoring of HOCS questions for university students was found to have a correlation of 0.413 between two HOCS questions (Zoller et al., 2002) providing an indication of consistency between the two measures and potentially indicating an underlying trait of critical thinking that HOCS oriented questions were designed to measure. The focus of HOCS on critical thinking based on chemistry knowledge instead of the formation of connections among the chemistry content within a course make it an unsuitable comparison to CEs. Bowen (1997) described the use of chemical demonstrations to precede student assessment, and demonstrated learning gains as a result.
Students were given open-ended questions pertaining to the demonstrations, but a scoring scheme for the open-ended questions was not described, except an indication that students were scored based on drawing reasonable conclusions from the data presented. Roecker (2007) described the utility of oral examinations as an assessment technique in chemistry. A four-point scoring scheme for assessing students' oral responses was proposed and it was found that students scored higher on this measure than on written examinations.
While both the open-ended questions on chemical demonstrations and the scoring of oral examinations were designed to measure chemistry knowledge, neither study featured an investigation into the validity or consistency of the assigned scores and therefore cannot be used as a comparison.
Setting and procedures
This study focused on first semester General Chemistry at a medium sized public university in the southeastern United States. Five of the twelve classes offered over the course of an academic year employed CEs as a form of assessment. Three of the five classes used primarily lecture based instruction and two of the five classes implement a hybrid, peer-led team learning (PLTL) with lecture reform in the class. The reform classes were included in the study to offer support for the generalizability of the validity results across different types of pedagogy.
Each class that employed CEs used five as homework assignments and four as in-class questions incorporated into a conventional exam. The inclusion of CEs within a conventional exam offered the benefits of ensuring that learning objectives were met via the conventional questions while also providing an opportunity for students to present their understanding of related concepts in the CE question. The homework (CE HW) and exam CEs (CE Exam) were spread throughout the semester. The prompts used with each CE are listed in Table 1 . This study was approved by the university's Institutional Review Board and informed consent was administered to the five classes of General Chemistry receiving the CEs. 276 of the 350 enrolled students (78.9%) consented. Of those who consented, 66.7% were Caucasian, 6.5% were Asian, 5.8 % African American and 4.0% Hispanic with the remaining 17.0% unknown. The gender split within the sample was 61.8% female and 38.2% male.
In this study, each student's CE responses were photocopied and graded by each of the three authors. Two of the authors are regular instructors of General Chemistry and one is an upper-level chemistry student with career plans to be a secondary-level chemistry teacher. Prior to administering each CE, the three graders created a common rubric for each assignment based on expected answers. Then, during grading, each grader added to the rubric independently as they came across additional, viable student answers. CEs were scored by each grader independently, leading to 100% overlap among graders, and no grader had knowledge of the scores assigned by the other graders. At the end of the semester the students took the First-Term General Chemistry from the American Chemical Society (ACS) Examinations Institute (2002) as the final exam for their course. This exam is externally constructed and nationally available through the ACS Examinations Institute and has a Cronbach's α of 0.85 with the sample of interest. The ACS exam is also readily available for critique by other researchers and is generally recognized as an appropriate measure of chemistry knowledge.
Results and discussion
An important issue with any proposed chemistry assessment is the question of validity. Messick (1995) describes six different aspects of validity to be considered, which are summarized as:
• Content -to ensure all parts of the content domain are represented • Structural -the scoring criteria match the theory of the construct • Generalizability -correlation of assessed tasks with other tasks and generalizable across time or observers • External -correlation with other assessments reflects the expected relationship • Substantive -the respondents are engaged in the intended process • Consequential -evaluating the consequences of score interpretation The purpose of this article is to present evidence pertaining to four of the six aspects: content, structural, external and generalizability.
Content
The content aspect of validity seeks to ensure that all parts of the content domain are represented. The content domain is defined as the topics covered during the first semester General Chemistry sequence: a. Structure of the atom b. Nature of and naming of ionic chemical bonds c. Nature of and naming of covalent chemical bonds d. Stoichiometry and mass relationships in chemical reactions e. Characteristics of solubility, acid/base and redox reactions f. Properties of ideal gases g. Thermodynamics and heat relationships h. Molecular shapes and molecular polarity i. Periodic trends Table 1 shows each CE prompt and the link with the relevant learning topics. Since CEs are deliberately openended, students can use additional topics that were presented in class. The topics listed in the table were the intended target for each CE, and the time of the CE administration corresponded with the introduction of these topics. The match between CE prompts and topics in the course is indicative of the content validity of CEs.
Structural
The scoring criteria for CEs are designed for the intended tasks of promoting students' connections of the content covered in class. First, students are prompted, and receive credit based on the number of statements that are correct, distinct and relevant to the prompt given in the question. Several threats exist to students' circumventing the intended goal, which are addressed in the scoring scheme. First, students may repeat a similar calculation several times in an attempt to receive full credit while making a relatively limited number of connections. For example, in any of the prompts featuring the mass of a compound and a chemical reaction, students could solve for the mass of every other compound.
To address this possibility, students are informed that the distinct criterion means that performing several similar operations will only count as one statement. The scoring procedure also follows suit on this prompt, as shown in the grading of Student 1 in Appendix B.
Second, students may choose to include information from outside of the class content to reach full credit. This threat primarily exists on the homework CEs as the exam CEs are in-class, and students' are not permitted access to outside information during the exam CEs. To address this threat, students are informed on the homework CEs: "Each statement you use should refer to material that has been presented in this course. You can use outside information (such as other reference material) but that will only count as one statement, regardless of how much information is presented from other sources." The scoring procedure then follows suit, ensuring that the strong majority of points awarded are for presenting information that has been presented in class.
Finally, students may use logic schemes to create additional statements without the use of additional content, namely by providing overly-general statements. For example, on CE HW 2, a student may write that the 7.5 grams of CaBr 2 in the prompt is less than 10.0 grams of CaBr 2 . Here the distinct and relevant criteria are employed, and students are informed that many samples are less than 10.0 grams and no relevant information to the original prompt has been added. Another example, from the same prompt, is for a student to indicate that the reaction is not single replacement. Again, as many reactions are not single replacement, students do not receive credit for this response. Another example would be students covering all bases using contradictory statements, such as 'this reaction is endothermic' and 'this reaction is exothermic' in the same response, where students would receive credit for neither.
As a result of the use of the criteria of correctness, distinctness and relevance, students' scores on CEs reflect the amount of information that students' can present that is both relevant to the course material and to the given prompt. For structural validity, the scoring criteria provide credit when students relate material presented throughout the course to the given prompt, thereby promoting students' recognition of connections throughout the course.
External
External validity was examined through investigating the relationship between student performances on CEs with a separate, distinct assessment. The assessment chosen was the ACS Exam, because all the instructors at the setting agreed that it was a suitable measure of student knowledge of the topics described above. As a result, there is an expectation for convergence between scores on CEs and scores on the ACS Exam, as both are designed to measure chemistry knowledge pertaining to the same sequence. The convergence is expected to be moderate owing to the different methods by which the exams measure knowledge; where CEs reward students for forming connections in topics throughout the course, the ACS Exam measures student knowledge in separate multiple choice questions.
As a result there is an expected correlation of 0.50 between CEs and ACS Exams, which would represent moderate agreement.
Correlations much larger may represent a redundancy between the two measures, while correlations much smaller may call into question whether student scores on CEs do reflect student chemistry knowledge.
It is noteworthy that the value of 0.50 represents the typical correlations witnessed in reviews of the literature between concept maps and conventional science assessments (though the range is considerable) (Liu and Hinchey, 1996; Ruiz-Primo and Shavelson, 1996; Rice et al., 1998) . The correlations between student performance on CEs and on the ACS Exam for each grader are shown in Table 2 .
By examining Table 2 it is apparent that CEs administered as homework questions have a markedly lower correlation with the ACS Exam compared to the CEs administered as part of in-class exams. This is likely a result of the differences in administration. As a homework assignment, students had access to resources including class notes, textbooks and other students, as opposed to the exams where no other resources were permitted. In addition, students had many days to complete the homework CEs, but the exam CEs were included as a component of a timed test. The in-class CEs regularly had correlations at or near the 0.50 benchmark. This would suggest that, as an alternative assessment, CEs administered in-class feature a similar claim to external validity as concept maps.
Another explanation for the difference in correlations is that the homework CEs had a possible ceiling effect, where too many students reached the perfect score. Across the five homework CEs, students reached the maximum number of statements possible, respectively, 70.0%, 51.5%, 29.4%, 58.7% and 74.7% of the time. In contrast, across the four in-class exam CEs, students reached the maximum number of statements possible 1.9%, 0.8%, 3.1% and 10.5% of the time. The ceiling effect hinders correlations with other variables, as there is no discrimination among the large group of students with the perfect score on the assignment. This effect is particularly evident with CE homework assignments 1, 4 and 5 which had both the most students at the maximum number of statements and the lowest correlation with the ACS Exam. One suggestion may be to increase the maximum number of statements required for the homework CEs, which would make it more difficult for students to achieve the maximum number of statements. The use of a maximum score for each CE was in place so that instructors could limit the points awarded to any individual assignment. Another suggestion is to view the homework CEs as an assessment where students are rewarded for effort, where the students' score does not necessarily reflect their chemistry knowledge. Then, inclass exam, CEs would be merit-based and reflect a student's chemistry knowledge. That said, it seems prudent to retain the homework CEs, as they provide practice for the students prior to exposure with the in-class exam CEs. Otherwise, removing the homework CEs might affect the correlations witnessed among the in-class CEs.
Generalizability
The next aspect of validity examined is whether scores are generalizable across graders.
Owing to the open-ended nature of CEs, a variety of correct student responses is possible. This raises the question as to whether CEs can be graded consistently across different graders. This is an important question for a new assessment, as students' grades should not be dependent on who performed the grading. Our first concern was for the ranking of students within a class by CEs. This ranking is frequently the determining factor in assigning grades, and therefore it is important to examine whether each of the three graders in this study were consistent in how the students were placed relative to their peers. To measure the consistency in rankings, the intra-class correlations between graders were examined. In concepts maps rater agreement was found to have a generalizability coefficient ranging from 0.23 to 0.76 (McClure et al., 1999) . The generalizability coefficient is similar and comparable to the intra-class correlation coefficient (Shavelson et al., 1989) . As a result, intra-class correlations above 0.800 were considered as an indication that CEs could be scored consistently to the extent that has been shown with concept maps. The average intra-class correlations, using the two-way random approach (Shrout and Fleiss, 1979) , among each pair of graders are shown in Table 3 . The decision to evaluate each pair of graders facilitates a direct comparison with the values found with graders of concept maps. CE HW 1 has the lowest correlations among graders, with values at 0.527 and 0.569. This is likely a result of being the first CE to be graded and represents inexperience on the part of the graders. This would seem to suggest that a grader new to CEs may benefit from a practice run, either grading CEs that have already been collected or by assigning students a low-stakes CE assignment to give both the grader and students practice with the new assessment. CE HW 4 and CE HW 5 had correlations between 0.700 and 0.800, possibly indicative of the ceiling effect. Three of the in-class exam assignments (CE Exam 1, CE Exam 2, CE Exam 3) had correlations consistently over 0.800, with the majority above 0.880. The only in-class exam correlation that was below 0.800 was CE Exam 4 where two of the three correlations were below 0.800 (one was 0.778 and the other 0.791). Overall CE rater agreement matched or exceeded the top level of rater agreement that has been observed with concept maps and therefore indicates comparable generalizable validity.
Moreover, there is also interest in the absolute agreement between graders. This would be important in situations that have many graders within one class, for example, in large classes with teaching assistants sharing the work. Cohen's Kappa statistic was used to provide the measure of agreement between graders, with values greater than 0.400 representing good agreement between graders (Stoddart et al., 2000) . With rating concept maps, Kappa values have been found to range from 0.45 to 0.48 for individual variables (Stoddart et al., 2000) . Average Kappa values for each pair of graders in this study are given in Table 4 . Kappa values for the majority of the combinations were above the 0.400 threshold with most between 0.400 and 0.500. This level of inter-rater agreement, in particular with the in-class exam questions, is similar to the values observed with concept maps (Stoddart et al., 2000) . Still there were 12 of the 27 combinations (9 assignments and 3 comparisons between each grader) where Kappa values fell below the 0.400 threshold, although 4 of those 12 were between 0.390 and 0.400.
When examining the disagreements between graders, it was found that the very strong majority of disagreements were a difference of one point. In short, except for CE HW 1 and CE Exam 4, over 85% of the grades between two graders were in either perfect agreement or differed by only one point. While the level of agreement for most assignments was high, CE HW 1 and CE Exam 4 may benefit by revising the assignment or rubric. Additionally, as has been mentioned, CE HW 1 may benefit by having the graders practise on a sample set of assignments first.
Conclusions and future work
The validity of CEs in terms of assessing students' knowledge of general chemistry has been investigated across four aspects. CEs can be designed and scored to cover all the topics of a first semester general chemistry course, and to promote students' relating concepts within the course, indicating content and structural validity. The evidence resulting from this investigation demonstrates that in the research setting with this sample of students, CEs, particularly those given in-class, feature external validity by matching the expected correlation with a traditional measure of chemistry achievement. The relationship was consistent with that observed between concept maps, another assessment designed to promote students' connections within content, and traditional science assessment. Similarly, students' scores were shown to be generalizable across raters to a similar extent as concept maps.
The two remaining aspects of validity, substantive and consequential are suitable areas for future work. Substantive validity would focus on the extent CEs require students to connect concepts throughout the class and could be investigated by the qualitative analysis of students' responses.
Cursory evidence indicating students' connecting concepts is presented elsewhere , but a more complete investigation is warranted to provide evidence for substantive validity. Consequential validity is also a suitable area for future investigation. Ultimately, the scores on CEs are used for determination of student promotion into follow-on courses in chemistry. Investigating whether CE scores relate to performance in the second semester of General Chemistry could establish consequential validity for this assessment.
The result that CEs, which measure the number of correct connections and interconnections, feature a correlation to traditional measures of science achievement on par with concept maps, has theoretical implications. It has been proposed here that evaluating the structure or organization of concept maps hindered concept maps as an assessment tool in that several organizations may be plausible. The external validity results of CEs lend some support to this assertion, though additional work to corroborate these results is necessary. In contrast, other researchers have proposed that the overall organization of concept maps should be the focus of assessment, with some evidence of validity in assessing the overall structure (Liu and Hinchey, 1996) . Whether successful constructivist learning is best measured by the connections and interconnections or the overall organization of knowledge remains an open question. This investigation also provided several recommendations for the administration of CEs. First, there is evidence that a practice run may benefit the CE graders, and it is suggested that either graders practice by grading a set of student responses previously collected or instructors use a one-time practice assignment to provide students and the instructor an opportunity to practice the assessment before it is used more formally. In this practice run, students may be given credit for simply completing the assignment and the instructor could provide feedback so students can become familiar with their instructors' expectations. Second, the evidence supporting the validity and reliability for CEs was stronger with in-class exam CEs than with the homework CEs. This may affect instructor decisions of how to weigh each type appropriately when determining contributions to an overall grade. It would not seem advisable to discard the homework CEs completely though, because the homework CEs provide experience for the students prior to encountering the more high-stakes exam CE question.
One of the goals of this project was that an investigation into validity could support an instructors' decision to implement CEs. As a result of this project, additional anecdotal findings also support the decision to implement CEs as an assessment technique. In scoring students' answers to CEs, there was clear evidence of students' retaining concepts that were presented earlier in the course. This retention of earlier concepts was not clear in traditional assessments, and future work may want to examine whether CEs do in fact lead to retention of concepts. Scoring CEs also offered insights into incorrect links students made across concepts, which would not have been witnessed in conventional assessments. For example, in CE HW 4, some students attempted to fit the H 2 + Cl 2  2 HCl reaction into the Born-Haber cycle description for ionic compounds. This insight can be used to guide instruction, in particular, in emphasizing the limits of models and equations. Finally, reported elsewhere, a survey of students' impressions indicated a positive response to CEs with a strong majority responding favorably . There is also anecdotal evidence of CEs altering students' study practices; in particular, as students were observed brainstorming possible answers for potential in-class CEs to be given. These findings suggest future research projects into the effect of CEs on students' motivation and study approaches.
• ΔH of reaction from bond energies: broken -formed = -101 kJ 
